In this paper, the optical and electrical performance of a newly developed silicon photodiode based on pure boron CVD technology (PureB-diodes) is introduced. Due to their extremely shallow p-n junction, with the depletion zone starting only a few nanometers below the surface, and nm-thin pure-boron-layer coverage of the anode surface, PureB-diodes have so far demonstrated the highest reported spectral responsivity in all sub-visible ultraviolet (UV) ranges: DUV (deep ultraviolet), VUV (vacuum ultraviolet) and EUV (extreme ultraviolet), covering a spectrum from 220 nm down to few
INTRODUCTION
Recently, the demand for robust and high-performance photodetectors operating at wavelengths below 200 nm, i.e. in the DUV (deep ultraviolet), VUV (vacuum ultraviolet) and EUV (extreme-ultraviolet) spectral ranges, has increased significantly, since applications profiting from these photodetectors can be found in space, in metrology and in lithography [7] [8] [9] . Therefore, the development and fabrication of high-performance detectors for these wavelength ranges are considered to be hot research topics. The availability of low-cost and well-developed silicon technology positions Si-based photodiodes as the main candidates for EUV radiation detection applications.
To guarantee a maximum internal quantum efficiency, and hence maximum spectral responsivity, pre-absorption of the incident radiation before the photodiode depletion zone has to be avoided. This is especially critical for VUV/DUV photons (100 nm -300 nm wavelength), for which the attenuation length in silicon is smaller than 10 nanometers as shown in Figure 1 [10] [11] . The best way to achieve this is to position the depletion zone as close to the device surface as possible [12] . Figure 2 presents the spectral responsivity of a Si-based ideal lossless system (no extra absorbing top layer) in the UV spectral range. The solid red line shows the upper limit given by the internal quantum efficiency of silicon. In the long-wavelength limit (red dashed line), one electron per absorbed photon is created and in the shortwavelength limit (red dotted line) a constant energy of W ≈ 3.66 eV is needed to create one electron-hole pair, which leads to a constant responsivity R = 1/W ≈ 0.273 AW -1 . The solid blue line shows the spectral responsivity when the external reflection at the silicon surface is taken into account [5] [6] .
In this work the electrical and optical performance of PureB-photodiodes is presented. The experimental results show that these photodiodes demonstrate very high responsivity in the spectral range from 220 nm down to 1 nm wavelength. Moreover, the boron-doped p + n ultrashallow junction does not degrade during prolonged EUV/VUV exposure. In the past these diodes have been referred to as "B-layer" diodes [1] . The term "PureB" is introduced here to emphasis the fact that the amorphous boron layer that is deposited on the Si surface to form the anode, in itself plays an essential role in reducing the dark current [13] and also has the important function of preventing the formation of an insulating layer on the anode surface. 
DEVICE DESCRIPTION
The PureB-diode technology was developed at the DIMES (Delft Institute of Microsystems and Nanoelectronics) facilities of Delft University of Technology [3] [13] [14] . A schematic cross-section of the fabricated device is shown in Figure 3a . Figure 3b compares a high-resolution TEM image of a PureB-layer formed after a 10 min deposition with the corresponding SIMS boron profiles [13] [14] . A chemical vapour deposition (CVD) process of pure amorphous boron on n-type silicon is used, which results in a uniform nanometer-thin surface coverage of pure boron that gives an effective p + -doping of the Si surface thus forming a p + n junction [13] [14] . Insulating or conductive coating layers can be optionally deposited directly onto this PureB layer, for example, to protect the surface or to facilitate the design and integration of thin-film filters with radiation spectrum pass-bands optimized for specific applications.
Typical I-V characteristics of PureB-diodes fabricated on a 4-inch, 2 -5 ohm-cm, n-Si wafer are plotted in Figure 4a . The reproducibly low dark current and ideal I-V behavior indicate that the above-mentioned PureB-deposition process is a stable and reliable technology for making defect-free p + n junctions. Furthermore, as indicated in Figure 4b , the PureB-diodes also can maintain a very high breakdown voltage (an extremely low dark current is measured at a reverse bias of -40 V) [2] . 2 )-the inset shows the dark current with a reverse bias up to -40 V.
OPTICAL PERFORMANCE
All optical tests were carried out at the EUV-and UV/VUV-beamline synchrotron radiation laboratories of PTB (Physikalisch-Technische Bundesanstalt) in Berlin, Germany [15] [16] [17] . As shown in Figure 5a , an array of four photodiodes was assembled on a ceramic substrate. The positioning of the sample and the electrical contacts with the diodes were realized with a fixture mounted on an x-y stage (indicated in Figure 5b ) [4] . During each test, the detectors were in an ultra-high vacuum environment. 
EUV sensitivity
The responsivity of a PureB-diode with a ~ 3 nm amorphous boron top layer is shown in Figure 6 . Clearly, the PureB diode performs with higher responsivity compared to commercially available state-of-the-art photodiodes [3] [4] . At the 13.5 nm wavelength, the responsivity is about 0.27 A/W, which is essentially similar to that of an ideal lossless system [5] [6] . This confirms that the B-deposition process can provide ultrashallow, high-quality, damage-free p + -doped active surface layers which minimize any quantum-efficiency loss due to either recombination of photo-generated carriers or absorption in the front window. 
DUV/VUV sensitivity
As mentioned above, due to the extremely small penetration depth in Si, DUV/VUV is the most challenging spectral range for Si-based photodetectors. Figure 7 shows the superior responsivity of the PureB-diode compared with other state-of-the-art photodiodes in the DUV/VUV spectral range (wavelengths from 50 nm to 215 nm) [ 
OPTICAL PERFORMANCE STABILITY
Considering the nature of silicon (i.e. the relatively low strength of the chemical bonding structure), most of the conventional Si-based photodetectors demonstrate insufficient radiation hardness to high energy photons, especially in the EUV spectral range [21] [22][23] [24] . The responsivity degradation of the PureB-diode was evaluated by long-term exposures in the EUV and the VUV/DUV spectral ranges.
EUV responsivity degradation
The EUV radiation hardness of the PureB-diode was characterized by prolonged high radiant exposure (0.22 MJ/cm 2 during 24.5 h) to 13.5-nm radiation [4] [24] . The experimental result is presented in Figure 8a . The triangular symbols represent the ratio of responsivity after/before the high-intensity exposure. The observed degradation in spectral responsivity comes from a carbon contamination layer formed by the EUV radiation (Figure 8b ) [25] . From the height of the carbon absorption edge in the spectrum around 4.3 nm as seen in Figure 8a , it can be calculated that the carbon layer has a thickness of about 20 nm [26] . The ratio of measured EUV spectral responsivity fits very well with the calculated ratio of responsivity of the same diode with/without a 20 nm carbon layer [27] . Therefore, it can be concluded that there is no measurable change in the responsivity due to degradation of the PureB-diode itself.
VUV/DUV responsivity degradation
For PureB-diodes with amorphous boron coverage of no more than ~ 1 nm thick, a degradation of the responsivity was measured as indicated in Figure 9a . The measurements are performed immediately after a long term VUV exposure (107 mJ/cm 2 at 157 nm, 48 mJ/cm 2 at 121 nm, and 28 mJ/cm 2 at 70 nm). The responsivity recovers slowly with time due to a self-healing process [2] . The main cause for this degradation is believed to be the photo-electron-emission induced positive charging of the parasitic oxide top-layer (about a 10-nm-thick native oxide layer and < 1-nm-thick boron layer on the diode surface were detected by ellipsometer). This is supported by the results of several linear scans to measure the responsivity across the detector surface at a wavelength of 193 nm, as shown in Figure 9b . From the responsivity variation along the diode surface with time, the tendency of the irradiation-induced positive charge to spread and be discharged can be clearly distinguished. [2] It is believed that the oxide is formed due to oxidation of silicon through pinholes in the thin top boron layer when exposed to the environment. To prevent the formation of the nanometer-thin native oxide layer, which is charged during exposure, a longer boron deposition time is applied to form a thicker (~ 3 nm) and more robust PureB-layer, as shown in Figure 10 [2]. Figure 11 indicates that PureB-diodes with a thicker boron layer demonstrate only a slight initial drop of responsivity (1 to 2%), after which the responsivity stabilizes [1] [2] .
Although the photo-electron emission also occurs under EUV radiation, resulting in oxide charging to even higher voltage levels and hence a stronger electric field is created, the more than 500-nm penetration depth (shown in Figure 1 ) of EUV photons in silicon and boron makes the internal quantum efficiency basically insensitive to the deterioration of the surface charge collection.
(a) (b) Figure 8 . (a) Ratio of measured EUV spectral responsivity after/before intense EUV irradiation (220 kJ/cm 2 ), compared to the calculated ratio of responsivity based on the same diode with/without a 20 nm carbon layer; (b) shape of the EUV spot (irradiance in the high power region is 3 W/cm 2 [24] ) and the EUV-induced carbon contamination layer. Figure 11 . Degradation of the responsivity of PureB-diodes during irradiation (a) at 121.6 nm and (b) at 70 nm.
CONCLUSION
In summary, we have presented a high-performance silicon-based photodiode for DUV, VUV and EUV radiation detection, covering a spectrum from 220 nm down to a few nm in wavelength. An outstanding electrical and optical performance has been achieved in terms of extremely low dark current, high responsivity and excellent stability to highdose VUV/EUV exposure. Such impressive features are achieved by a pure boron (PureB) CVD deposition technique for forming ultrashallow high-quality p + n junctions covered with an nm-thin pure boron layer. A comparison with commercially available VUV/EUV detector solutions shows that the PureB-photodiodes perform with superior characteristics and exhibit a great potential for radiation detection in DUV, VUV and EUV based applications.
